High-performance hybrid organic-inorganic solar cell based on planar n-type silicon
The application of the conventional p-n junction silicon solar cells has been potentially restricted due to their high fabrication cost, and hence, organic solar cells which can be solution processed have attracted much attention in the last decades. [1] [2] [3] [4] However, the power conversion efficiency (PCE) of organic solar cells is still much lower than that of their inorganic counterpart, mainly because of the narrower absorption band of organic materials compared to that of Si. Thereby silicon/organic hybrid solar cell, which combines the advantage of the strong light absorption ability of Si and the easy processing of organic film, emerges under this situation: [5] [6] [7] [8] n-type silicon (n-Si) acts as the absorbing material, and a p-type organic semiconductor spin coated on the n-Si acts as p layer to form the p-n junction. In the fabrication of such silicon/organic hybrid device, usually surface treatment of Si is applied before organic material is spin coated, such as etching of the silicon surface, [9] [10] [11] and preparation of Si nanowires and nanoparticles on the surface. 12, 13 He et al.
14 had reported that by texturing the Si surface, the PCE is up to 5.6%. While Yan et al. 15 achieved PCE of 9.61% by depositing reflection film on the back of their device. Until now, the PCE of the hybrid photovoltaic device has been improved to 10%-11% by modifying the surface of the Si. 6, 13, 16, 17 However, these surface treatments are time-consuming and high costly. Here, we report a planar Si/organic hybrid solar cell with easy fabricating process of spin coating a conductive organic semiconductor, poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS) on Si. The interface between PEDOT:PSS and Si is improved by adding additives into the PEDOT:PSS solution instead of treating Si surface. The additives can not only enhance the conductivity of PEDOT:PSS layer but also improve the wettability of the PEDOT:PSS solution on Si surface. However, PEDOT:PSS layer with high conductivity is kind of like metal, both holes and electrons can be collected by this layer and thus inducing large recombination and dark saturation current. Therefore, we induce another organic layer, poly(3-hexylthiophene) (P3HT), the highest occupied molecular orbital (HOMO) level of which approaches the work function (WF) of PEDOT:PSS, while its lowest unoccupied molecular orbital (LUMO) level is much higher than the WF of PEDOT:PSS and can block the electrons effectively. As a result, the hybrid solar cell with the structure of Al/n-Si/P3HT/PEDOT:PSS/Au exhibits a high PCE of 11.52% with a short circuit current density (J SC ) of 30.65 mA cm
À2
, an open circuit voltage (V OC ) of 0.598 V, and a fill factor (FF) of 61.60%. Figure 1 (a) shows the schematic structure of the investigated devices. The n-type crystalline silicon (100) has a resistivity of 0.05-0.2 X cm and thickness of 525 lm. The Si wafer was first cleaned by detergent and then sonicated in deionized water, acetone, ethanol, and deionized water for 10 min, respectively. Then the wafer was dipped in 5% hydrofluoric acid (HF) for 15 s to etch away the native oxide on the surface. 18 And subsequently, the wafer was transferred into nitrogen glove box with O 2 < 0.1 ppm and H 2 O < 0.1 ppm (all of the following steps were carried out in nitrogen atmosphere). 100 nm aluminum (Al) was thermally deposited on the unpolished side of the Si wafer (acts as cathode electrode) at a rate of 0.1 nm/s with a base pressure of 10 À5 Pa. Then PEDOT:PSS (CLEVIOS 1000) solution mixed with different weight of dimethyl sulfoxide (DMSO) (varying from 0% to 15%) was spin-coated on the polished-side. P3HT (regioregular P3HT (4002-E), Rieke Metals, Inc.) dissolved in chlorobenzene (CB) was spin coated on the Si substrate before the covering of PEDOT:PSS layer in the device. Owing to the extreme hydrophobicity of P3HT, it was difficult to spin coat the PEDOT:PSS onto the P3HT layer. So the fluorosurfactant Capstone V R FS-31 (Dupont) was blended with PEDOT:PSS as an additive to improve the quality of the PEDOT:PSS layer coated on the P3HT film. 19 To adjust the thickness of P3HT layer, the spin coating speed of P3HT changed from 2000 rpm to 8000 rpm. The fabricated n-Si/PEDOT:PSS or n-Si/P3HT/ PEDOT:PSS heterojunction was thermally annealed on a hot plate at 140 C for 10 min to remove any residual moisture in the PEDOT:PSS layer. Finally, the Au anode electrode was evaporated through a shadow mask at a rate of 0.01 nm/s. The active area of the devices was 0.144 cm 2 . The current density-voltage (J-V) characteristics of these solar cells were measured under AM 1.5 illumination with an intensity of 100 mW/cm 2 (450 W Newport 6279 NS solar simulator). The electrical conductivity (r) of PEDOT:PSS was recorded in dark by Keithley 2400. The surface morphology of P3HT layer was investigated by atomic force microscopy (AFM) (Nano-scope III). Oriel IQE-200 TM was applied to observe the incident photon-current efficiency (IPCE) spectrum. The thickness of PEDOT:PSS layer was estimated by the Surface Profilometer (Tencor, ALFA-Step 500).
The energy levels of the materials in the device are presented in Figure 1(b) . It is seen that the conduction band (valence band) of n-Si matches quite well with the work function of Al (PEDOT:PSS). In the device, the cathode Al covers the whole n-Si, so all the photogenerated electrons can be collected effectively. However, the anode Au grid is not as optimal as the cathode Al, before the photogenerated holes reach the Au grid, they must travel a long way in the lateral direction in the PEDOT:PSS layer. If the lateral conductivity of PEDOT:PSS layer is too low, then holes cannot be transported quick enough, some of them will be lost during their travel, and cannot be collected by the anode. This will damage the device performance. It is reported by several groups that by adding DMSO into the PEDOT:PSS solution, the conductivity can be enhanced greatly. If the PEDOT:PSS solution with DMSO is spin-coated onto silicon, DMSO will lead to the increase of the size of the PEDOT:PSS particles which results in the decrease of the total number of particle boundaries in a given area. What is more, DMSO makes PEDOT-rich regions more uniformly distributed through the entire PEDOT:PSS film, which can lead to superior charge transport pathways. As a result, the conductivity of the PEDOT:PSS film is enhanced. 20, 21 So we made three devices with 5% (device B, Al/n-Si/PEDOT:PSS þ 5% DMSO/Au), 10% (device C, Al/n-Si/PEDOT:PSS þ 10% DMSO/Au), and 15% (device D, Al/n-Si/PEDOT:PSS þ 15% DMSO/Au) DMSO added into the PEDOT:PSS. The lateral conductivities of the PEDOT:PSS films containing 0%, 5%, 10%, and 15% DMSO on glass substrate were measured, and they are 5.85, 1960, 1270, and 960 SÁcm
À1
, respectively. It is seen that DMSO can significantly increase the conductivity of the PEDOT:PSS film, and 5% DMSO results in the maximum conductivity. The J-V curves and various parameters of these devices are shown in Figure 2 (a) and Table I , respectively. The approach of extracting the parameters from the light and dark J-V curves, including V OC , J SC , FF, series resistance R s , shunt resistance R sh , saturation current density J 0 , and ideality factor n has been detailed previously. [22] [23] [24] [25] [26] [27] It is seen that the device without DMSO (device A) exhibits a PCE of only 4.51%, while the device with 5% DMSO (device B) displays a greatly improved PCE of 9.93%. From Table I , the shunt resistance R sh of device B is 3917 X cm 2 , which is about two orders of magnitude higher than that of device A (73.78 X cm 2 ). The larger R sh implies that carrier recombination in device B is much weaker than in device A. This should be originated from the higher lateral conductivity of PEDOT: PSS film in device B, which makes hole transportation and hence collection faster. However, further increasing concentration of DMSO (10% $ 15%) declined the PCE to about 8.20% (8.12% and 8.23% for devices C and D, respectively). Such degradation should be resulted from the worsened film morphology induced by the DMSO. The AFM images of the PEDOT:PSS films are given in Figure 3 , the root mean square (RMS) roughness of the five films is 6.57 nm (PEDOT:PSS without DMSO), 6.99 nm (PEDOT:PSS with 5% DMSO), 8.28 nm (PEDOT:PSS with 10% DMSO), 9.97 nm (PEDOT:PSS with 15% DMSO), and 3.42 nm (PEDOT:PSS with 5% DMSO and 0.1% FS-31), respectively. It is seen that 5% DMSO does not affect the film morphology (compare Figure 3(b) with Fig. 3(a) ), hence the device performance is enhanced due to the increased conductivity. Whereas 10% and 15% DMSO significantly deteriorate the morphology of the PEDOT:PSS film (compare Figures 3(c) and 3(d) with Figures 3(b) and 3(a) ), the two films are more rough. Since DMSO can increase the hydrophobicity of the PEDOT:PSS solution (on Si surface), which can induce material accumulation during spin-coating process and hence damage the uniformity of the film. This generates carrier traps inside the film and on the surface of the film, and the traps can hinder carrier transportation and increase carrier recombination. Thereby, the device performance degrades. In order to retain good morphology of the PEDOT:PSS film, while keep them high conductive, 0.1% FS-31 was added in the PEDOT:PSS solution. We found that the wettability of the PEDOT:PSS solution on n-Si surface is greatly improved, which resulted in very good film with low RMS (seen Figure 3(e) ). The conductivity of the PEDOT: PSS film with 5% DMSO and 0.1% FS-31 is 1370 SÁcm À1 , which is slightly lower than that of the PEDOT:PSS film with only 5% DMSO. It is worth noting adding more FS-31 will degrade both the film morphology and the conductivity, and we found that 0.1% is the optimal amount recipe. From Figure 2 (a) and Table I , it is seen that the device with 5% DMSO and 0.1% FS-31 (device E: Al/n-Si/PEDOT: PSS þ 5% DMSO þ 0.1% FS-31/Au) performs much better than device B, it shows a PCE of 11.0%.
Finally, we tried n-Si/P3HT p-n junction cells with a structure of Al/n-Si/P3HT/PEDOT:PSS þ 5% DMSO þ 0.1% FS-31/Au. From Figure 1(b) , it is seen that photogenerated holes in silicon can flow into P3HT freely, but photogenerated electrons will be blocked by P3HT. This will reduce carrier surface recombination at the anode side. P3HT could also contribute to the overall light absorption of the whole device. 28 It is apparent that too thin P3HT layer could not be able to block electrons efficiently, but too thick P3HT layer would delay hole transport and hole collection because hole mobility of P3HT is much lower than that in PEDOT:PSS. So there must exist an optimal thickness for the P3HT layer. P3HT layers with various thicknesses are investigated. We found that a thickness of $30 nm is the best. Table II roughness of the five films was 0.566 (2000 rpm), 0.368 (4000 rpm), 0.320 (6000 rpm), 0.312 (8000 rpm), and 0.157 (Si) nm, respectively. We could find out that the RMS roughness is increased with increasing the thickness of the P3HT film. The large RMS roughness would increase the contact area between P3HT and PEDOT:PSS, which can facilitate hole transport from the P3HT layer into the PEDOT:PSS layer, and hence enhance the device performance. This is consistent with our results showed above and the IPCE spectra of the four devices given in Figure 2 (d). In this device, P3HT layer will reduce surface recombination at the anode side, because photogenerated holes in silicon can flow into P3HT layer freely, while photogenerated electrons will be blocked by P3HT layer. Therefore, it can be inferred that the adding P3HT layer can reduce the reverse saturation current density J 0 . And the lower J 0 with the higher J SC then lead to higher V OC according to the equation of V OC % nk B T q ln(
). 24, 25 However, hole mobility in P3HT layer is lower than that in PEDOT:PSS layer, which will cause hole mobility and electron mobility unbalanced. So the fill factor of the device with P3HT layer will drop.
In summary, we have optimized the performance nSi/PEDOT:PSS and n-Si/P3HT/PEDOT:PSS hybrid solar cells by adding DMSO and FS-31 into the PEDOT:PSS solution and adjusting the thickness of the P3HT film. A high PCE of 11.52% is achieved with high V OC of $0.6 V, large J SC of 30.65 mA cm
À2
, and high FF of 61.60%. The effects of amount of DMSO and FS-31, and the influence of the P3HT film thickness on the device performance are carefully investigated. Our results here demonstrate that the Si/organic hybrid solar cells are very promising for future solar energy conversion. 
